Mutations in SOX10, a transcription modulator crucial in the development of the enteric nervous system (ENS), melanocytes and glial cells, are found in Shah-Waardenburg syndrome (WS4), a neurocristopathy that associates intestinal aganglionosis, pigmentation defects and sensorineural deafness. Expression of MITF and RET, two genes that play important roles during melanocyte and ENS development, respectively, are controlled by SOX10. The observation that some WS4 patients present with myelination defects of the central and peripheral nervous systems correlates with the recent finding that P 0 , a major component of the peripheral myelin, is another transcriptional target of SOX10. These phenotypic features suggest that SOX10 could regulate expression of other genes involved in the myelination process as well. Thus, we tested the ability of SOX10 to regulate expression of MBP, PMP22 and Connexin 32, three major proteins of the peripheral myelin. Our study shows that this factor, in synergy with EGR2, strongly activates Cx32 expression in vitro by directly binding to its promoter. In agreement with this finding, SOX10 and EGR2 mutants identified in patients with peripheral myelin defects fail to transactivate the Cx32 promoter. Moreover, we show that a mutation of the Cx32 promoter previously described in a patient with the X-linked form of Charcot-Marie-Tooth (CMTX) disease impairs SOX10 function. In addition to providing new insights into the molecular mechanisms underlying some of the peripheral myelin defects observed in CMTX disease, these results further extend the spectrum of genes that are regulated by SOX10.
INTRODUCTION
The SOX proteins belong to the HMG box superfamily of DNA-binding proteins and are highly conserved across evolution. These factors play key roles in decisions of cell fate during diverse developmental processes, and display properties of both classical transcription factors and architectural components of chromatin (reviewed in 1,2).
Among them, SOX10 was initially shown to be predominantly expressed in glial cells of the nervous system (3), but further investigation demonstrated its broader implication during development. SOX10 is first expressed widely in cells of the neural crest at the time of their emergence, and later in neural crest cells that contribute to the melanocyte lineage and to the forming peripheral nervous system (PNS). Its expression is detected in the enteric, sensory and sympathetic ganglia as well as along nerves in a manner typical for the Schwann cell lineage (3) (4) (5) . During late stages of embryogenesis, its expression seems to be confined to glial cells (6) . In the central nervous system (CNS), SOX10 expression occurs later but progressively increases to reach maximal levels during adulthood, being mainly confined to glia of the oligodendrocyte type (3, 5, 7) .
The study of the Dom (dominant megacolon) mouse, an animal model of neurocristopathy in which the Sox10 gene is mutated, confirmed the crucial role of SOX10 during neural crest cells development (4, 8, 9) . Heterozygous animals display intestinal aganglionosis and pigmentation defects such as a white belly spot and white paws. The homozygous Dom mice are characterized by a loss of glia and neurons in the PNS and a complete lack of the enteric nervous system (ENS). SOX10 mutations in humans also lead to a combination of neural crest defects that include pigmentation abnormalities, deafness and Hirschsprung disease (intestinal aganglionosis), a phenotype that closely resembles that of the Dom mouse and defines the so-called Waardenburg-Hirschsprung disease or ShahWaardenburg syndrome (WS4) (10, 11) . The extensive neural crest dysfunction that affects both mice and humans with SOX10 defects is variable in its phenotypic expression. The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors Indeed, several of the patients with SOX10 mutations present with various neurological phenotypes, in addition to WS4. A severe leukodystrophy compatible with Pelizaeus-Merzbacher disease and a peripheral neuropathy consistent with Charcot-Marie-Tooth (CMT) disease were initially observed in one patient presenting with WS4 (12) . Subsequent reports of SOX10 defects associated with both WS4 and various neurological features suggestive of myelin deficiency further confirmed that SOX10 dysfunction could, in some cases, lead to deficiency of myelination in the CNS and PNS (7, 13, 14) . The pleiotropic effects of SOX10 dysfunction can be explained by its role as a modulator of expression of various target genes, in cooperation with different cofactors, such as PAX3, POU3F1 and EGR2 (3) . Recently, a few of these transcriptional targets have been identified, illuminating our understanding of the molecular mechanisms that underlie the various phenotypes observed. The demonstration that SOX10 and PAX3 interact directly to activate MITF expression in the melanocyte lineage shed some light on the molecular bases of the auditory-pigmentary abnormalities that are common to various forms of Waardenburg syndrome (15) (16) (17) (18) . SOX10 was also shown to function with PAX3 to activate transcription of c-RET, one of the major genes that controls morphogenesis and differentiation of the ENS (19, 20) . Finally, the finding that it regulates MPZ gene (encoding the myelin protein zero P 0 ) expression established a missing link between this transcription factor and cell-specific activation of myelin genes expression in the PNS (21) . However, the spectrum of neurological features associated with SOX10 defects makes likely that this transcription factor controls other genes. In particular, the genes encoding the few proteins involved in the myelination process are plausible other SOX10 transcriptional targets.
The myelin sheath is a specialized organelle that contains a small number of highly abundant proteins. Among them, the myelin basic protein (MBP) is an integral part of myelin in both the CNS and PNS. In contrast, P 0 and PMP22 (peripheral myelin protein 22) are preferentially expressed in Schwann cells of the PNS (22) . Alterations of the P 0 and PMP22 genes were identified in different forms of CMT disease, a group of inherited chronic progressive conditions fairly frequent (with a population incidence of 1 in 2500) and affecting peripheral nerves (reviewed in 23). CMT type 1 (CMT1), the autosomal dominant demyelinating CMT, is the most common form in Europe. CMT1 is most often associated with a 1.5 Mb duplication of the 17p11.2 chromosome region including the PMP22 gene (CMT1A) or with mutations in the P 0 gene (CMT1B) (24) . The second most common form of CMT, the X-linked form of CMT disease (CMTX), is caused by mutations in GJB1 (gap junction beta 1), a gene encoding an integral membrane protein, Connexin 32 (Cx32) (25, 26) . Like MBP, P 0 and PMP22, Cx32 is a crucial protein expressed in Schwann cells (27) . This gap junction protein belongs to a family of homologous integral membrane proteins that form functional channels allowing rapid transport of ions and small nutrients between coupled cells. In Schwann cells, Cx32 forms intracellular gap junctions between paranodal loops and SchmidtLanterman incisures that allow the diffusion of small molecules through the myelin sheath (reviewed in 28).
As MBP, PMP22 and Cx32 are major components of the peripheral myelin, we undertook to test whether SOX10 is able to regulate expression of the genes encoding these proteins.
MBP is transcribed from a single promoter, from which the 300 most proximal bp are sufficient to drive MBP expression in glial cells of the CNS and PNS (29) . On the contrary, Cx32 and PMP22 are both controlled by two tissue-specific alternate promoters. In glial cells, PMP22 expression is driven by its P1 promoter and Cx32 expression by its P2 promoter (30, 31) . In both cases, the most proximal part of these promoters is sufficient for PMP22 and Cx32 expression in Schwann cells (32, 33 ). Thus, we tested the possible effect of SOX10 on the proximal promoters of these three genes. Here we show that this factor, in synergy with EGR2, indeed directly activates Cx32 expression in transfection assays, but not that of MBP and PMP22. In agreement with this finding, SOX10 and EGR2 mutants identified in patients having peripheral myelin defects fail to transactivate this promoter. Finally, a mutation of the Cx32 promoter previously described in a CMTX patient impairs SOX10 activation of transcription from this promoter. Therefore, this study provides new insights into the molecular mechanisms underlying the peripheral myelin defects observed in some cases of CMTX disease.
RESULTS

Regulation of MBP, PMP22 and Cx32 promoters by SOX10
To investigate the possible involvement of SOX10 in the regulation of MBP, PMP22 and Cx32 expression, we analysed the effect of this transcription factor on their promoter activity in transient co-transfection experiments in HeLa cells, a cell line chosen because of absence of endogenous Cx32, MBP, PMP22, SOX10 and its cofactors expression (15, (34) (35) (36) and data not shown). Approximately 750-1000 bp of glial-specific MBP, PMP22 and Cx32 human promoter sequences were cloned upstream of the luciferase gene (pGL3 basic). These constructs were transfected in HeLa cells alone or together with an expression vector encoding human SOX10. When SOX10 was co-transfected with MBP and PMP22 promoter constructs, no increase in luciferase activity was detected. On the contrary, when SOX10 was co-transfected with the Cx32 promoter construct, an ∼50-fold increase in luciferase activity was detected. Thus, in our experimental conditions, SOX10 increased significantly Cx32 expression, but not that of MBP and PMP22 (Fig. 1) .
EGR2, PAX3 and POU3F1 act synergistically with SOX10 on the Cx32 glial-specific promoter
During glial development and, in particular, certain stages of Schwann cell development, SOX10 is co-expressed with other transcription factors, including PAX3, POU3F1 and EGR2 (3). As SOX10 had previously been reported to modulate the effect of these transcription factors on a synthetic promoter containing binding sites for SOX10 and PAX3, POU3F1 or EGR2, we studied its ability to act in synergy with each of these transcription factors to stimulate MBP, PMP22 and Cx32 expression.
This was not the case with MBP and PMP22, as neither addition of PAX3, POU3F1 or EGR2 alone, nor co-transfection of these factors with SOX10 allowed any induction of luciferase activity (data not shown). In contrast, a 15-fold induction in luciferase activity was observed upon co-transfection of EGR2 with the Cx32 promoter construct, whereas PAX3 and POU3F1 had no effect on this promoter. Thus, EGR2 seems to be the sole of these three factors able to transactivate the Cx32 promoter by itself ( Fig. 2A) .
We next tested the possible cooperative activation of the Cx32 promoter by SOX10 and each of these factors. The combined action of PAX3, POU3F1 or EGR2 with SOX10 resulted in a significant increase in luciferase activity as compared with SOX10 alone. In particular, the combined action of EGR2 and SOX10 resulted in an increase in luciferase activity by a factor of 2.6 as compared with activation of SOX10 alone, showing that the effect that EGR2 and SOX10 exert on the Cx32 promoter is synergistic and not solely additive ( Fig. 2A) . These results indicate that, in the in vitro system used, SOX10 acts in synergy with EGR2, POU3F1 and PAX3 to activate Cx32 expression. This mode of action is peculiar to the Cx32 glial-specific promoter, as SOX10 acts in synergy with PAX3 but not with POU3F1 and EGR2 on the MITF promoter (15,17 and data not shown). Whether each of these factors act in synergy with SOX10 to activate Cx32 expression in vivo remains to be determined. As EGR2 is the only one of the three tested cofactors that shows an autonomous function on the Cx32 glial-promoter, we further studied the regulatory function of SOX10 and this factor on this promoter.
To confirm the results obtained in HeLa cells concerning the regulation of Cx32 by SOX10 and EGR2, we tested whether both factors are able to induce endogenous Cx32 expression in N2A neuroblastoma cells expressing SOX10 or KROX20 (the murine EGR2 homologue) in an inducible manner (21) . We assessed Cx32 expression by RT-PCR experiments on N2A RNAs collected before or after induction of SOX10 or KROX20 expression. Cx32 was only weakly expressed in noninduced N2A cells, whereas a significant increase in Cx32 transcription was observed upon SOX10 or KROX20 induction, indicating that both factors are actually able to activate Cx32 expression in this system (Fig. 2B) .
SOX10-and EGR2-responsive regions in the Cx32 promoter
To identify the cis-acting elements accountable for the SOX10 and EGR2 response on the Cx32 promoter, we constructed a 5′ deletion panel of this promoter by deleting sequences of various lengths from the distal end. The deletion constructs were co-transfected with SOX10, EGR2 or both factors to test their ability to be activated by these factors. As shown in Figure 3 , deletion of the most distal 204 or 369 bp influenced neither activation by SOX10 and EGR2, nor synergistic action of both factors. In contrast, all activations were completely lost on removal of 581 bp. These results indicate that the region between nucleotides -233 and -21 is responsible for SOX10 and EGR2 responsiveness of the Cx32 promoter.
Identification of SOX10-binding sites within the Cx32 proximal promoter
Although we had provided firm evidence that SOX10 regulates Cx32 expression in vitro, the possibility remained that requirement for SOX10 is indirect. Examination of the proximal Cx32 promoter sequence (from nucleotide -233 to -21) revealed several potential SOX protein binding sites (37, 38) . We focused our attention on two of these sites (named S1 and S2; Fig. 4A ) because they consist of two non-consensus SOX sites with particular spacing and orientation that are reminiscent of C/C′ sites shown to play a major role in the regulation of the P 0 promoter by SOX10 (21, 39) . Indeed, the S1 and S2 sites show single mismatches as compared to the SOX consensus-binding site sequence, are separated by 4 bp and are oriented towards each other. To confirm the importance of these binding sites for SOX10 function, we mutated each site or both by sitedirected mutagenesis, in such a way that they were replaced by a GC-rich element. The mutant Cx32 promoter constructs were co-transfected with SOX10, EGR2 or both (Fig. 4B) . When the enhancing effect of SOX10 alone on the mutated S1, S2 or S1 plus S2 (named S1S2) was tested, SOX10-dependent stimulation of transcription was abolished, indicating that integrity of S1 and S2 is essential for this regulation. Mutations of each or the two SOX10-binding sites had no significant effect on EGR2 activation ability, but the synergistic cooperation between SOX10 and EGR2 was lost in each case. All these results show that integrity of both SOX10-binding sites is required for SOX10 activation, as well as for SOX10 and EGR2 synergistic action on the Cx32 promoter.
To confirm that SOX10 binds directly to these nonconsensus SOX-binding sites and to evaluate its binding affinity, we designed electrophoretic mobility shift assays (EMSAs), making use of DNA fragments that correspond to the region of the promoter surrounding S1 and S2. SOX10 is able to bind both sites, but with a higher affinity for S2 (Fig. 4C ). As Peirano et al. (39) showed that the C/C′ sites of the P 0 promoter are bound by two SOX10 molecules, we tested whether the same phenomenon applies to the Cx32 promoter. To this end, we used DNA fragments corresponding to S1S2 in EMSAs. Both a significant increase in SOX10 binding and a decrease in the mobility of the SOX10-DNA complex were observed (Fig. 4C ). These results suggest that SOX10 binds both sites as a dimer, a configuration that confers on the protein a much higher affinity for the promoter sequence.
To confirm the importance of the S1-and S2-binding sites, EMSAs were carried out making use of S1S2 probes mutated in one or both sites (Fig. 4C ). The mutation of S1 resulted in a dramatic decrease in SOX10 binding and in an increase in the mobility of the SOX10-DNA complex, indicative of a switch from dimeric binding to monomeric binding. When S2 or both sites were mutated in the same probe, SOX10 binding was completely abolished. Thus, it appears that integrity of S1 is necessary for effective dimeric SOX10 binding, whereas the integrity of S2 is crucial for SOX10 binding on the Cx32 promoter, since S1 can be occupied at a significant level only in the presence of wild-type S2, as expected in case of cooperativity. (B) pCx32del2 construct, and the same construct in which S1, S2 or both S1S2 SOX-binding sites are mutated, were transfected with empty pECE vector, pECE/ SOX10 (SOX10) and/or pECE/EGR2 (EGR2). Data from all transfections are presented as indicated in Figure 1 . (C) Double-strand oligonucleotides containing S1, S2 or S1 and S2 (S1S2) potential SOX-binding sites were analysed for their ability to bind SOX10 in gelshift experiments. The S5-binding site from the MITF gene (15) and the C/C′ site from the P 0 gene (21) are shown as the control for monomeric and dimeric binding, respectively. Experiments were performed using as protein source nuclear extracts from COS cells transfected with the SOX10 mutant E189X (+). Extracts from COS cells transfected with the empty pECE vector (-) served as the control. S1m, S2m: mutated S1 or S2 site. (D) pCx32del2 construct, and the same construct in which E1, E2 and E3 putative EGR2-binding sites are mutated were transfected with empty pECE vector, pECE/SOX10 (SOX10) and/or pECE/EGR2 (EGR2). Data from all transfections are presented as fold induction above basal levels ( Fig. 1 ) and are means of three different experiments performed in triplicate.
EGR2-responsive elements in the Cx32 promoter
As observed in Figure 3 , the EGR2 responsive region in the Cx32 promoter lies between nucleotides -233 and -21 as well. Therefore, we searched for EGR2-binding sites in this proximal promoter region. Based on the EGR2-binding sites previously reported (40) (41) (42) and allowing 1 bp mismatch, we identified three putative EGR2-binding sites in the relevant region (named E1, E2, E3; Fig. 4A ). To assess the importance of these binding sites for EGR2 function, the three sites were mutated simultaneously by site-directed mutagenesis. When the enhancing effect of SOX10 alone on this construct was tested, SOX10-dependent stimulation of the transcription was maintained. In contrast, EGR2-dependent stimulation was greatly reduced and the synergistic cooperation between the two factors was abolished, confirming that these EGR2 putativebinding sites are essential for effective EGR2 function and for its synergistic cooperation with SOX10 (Fig. 4D) .
To further investigate the role of these three sites in EGR2 function, we mutated each site individually and tested the mutant constructs in co-transfection experiments with SOX10 and EGR2. SOX10-dependant activation of the transcription was maintained in all cases. Mutation of the E1 site had no effect on EGR2-dependent stimulation, suggesting that this site does not play any role in EGR2 function on the Cx32 promoter. On the contrary, mutation of E2 and E3 resulted in a 50% decrease of EGR2-dependent activation (data not shown). These results indicate that these sites are essential for EGR2 function, but unlike the SOX10 sites, both sites have to be altered for a complete loss of EGR2-dependent activation of the promoter.
Consequences of SOX10 and EGR2 mutations on Cx32 promoter induction
Mutations in the SOX10 gene have been described in several cases of WS4, a neurocristopathy characterized by the association of Hirschsprung disease (intestinal aganglionosis) and Waardenburg syndrome (pigmentation defects and sensorineural deafness) (11) . In addition to WS4 features, a few patients also presented with myelination defects of the CNS and PNS (7, (12) (13) (14) . On the other hand, mutations of EGR2 were found in patients with inherited peripheral neuropathies such as CMT1 or congenital hypomyelination neuropathy (43) . Thus, it was interesting to test the effect of these various mutations on Cx32 transcription (Fig. 5) .
Four EGR2 mutants were generated and tested (Fig. 5A ). (i) Three of these mutations (R359W, R381H, D383Y) are located within the zinc finger domain. Two (R359W and D383Y) have previously been characterized and prevent or lessen DNA binding. (ii) Mutation I268N alters the inhibitory R1 domain and prevents interaction of EGR2 with the NAB (NGFI-A binding) co-repressors. It was thereby described as having the capacity to increase EGR2 transcriptional activity (44) . The first three mutants showed a complete or partial loss of the EGR2-mediated effect on Cx32 promoter activation. In contrast, in the in vitro conditions used, the I268N mutant behaved in a manner similar to wild-type EGR2 (Fig. 5B) . On the other hand, the synergistic effects of R359W and R381H EGR2 mutants with wild-type SOX10 were reduced by half, whereas the synergistic effects of D383Y and I268N EGR2 mutants with SOX10 were partially or totally maintained, respectively (Fig. 5C) .
The five SOX10 mutants tested were as follows ( Fig. 5D ): (i) 482ins6 (p161_162insLR, according to den Dunnen and Antonarakis' nomenclature) (45) is located in the HMG domain and prevents DNA binding (46); (ii) S251X and Y313X are stop mutants that truncate the protein before the transactivation domain; (iii) c795delG is a frameshift mutation that produces a premature stop codon and a loss of the transactivation domain; (iv) 1400del12 (c1400_1411del, according to den Dunnen and Antonarakis' nomenclature) removes the stop codon and thus elongates the protein, adding 82 amino acids. For all mutants, the SOX10-dependent activation of the Cx32 promoter was significantly reduced (<15% of wild-type; Fig. 5E ). The synergistic effects of all mutants with wild-type EGR2 were also greatly reduced (<20% of wild-type synergistic activity; Fig. 5F ).
A point mutation in the Connexin 32 promoter associated with CMTX disease alters regulation of this promoter by SOX10
CMT disease is the most common inherited peripheral neuropathy that results in areflexia, distal sensory loss and progressive weakness of the distal limb muscles. The X-linked dominant form of CMT (CMTX) disease is associated with mutations in the Connexin 32 gene (23, 24) . As SOX10 and EGR2 seem to be major regulators of Cx32 expression during development, it is likely that alteration of Cx32 regulation by SOX10 and/or EGR2 could lead to a similar phenotype. Therefore, we searched for sequence alterations in the promoter region shown to be sensitive to SOX10/EGR2 regulation (Fig. 3) , in patients presenting with a phenotype compatible with CMTX. These included 34 familial cases consistent with a X-linked dominant transmission, male and female patients with nerve conduction velocities (NCVs) of the median nerve compatible with a CMTX-like phenotype. All patients were previously found negative for single-strand conformation polymorphism (SSCP) screening of the Cx32 gene coding regions (47) . We found a very frequent g-713G>A variation at the heterozygous, hemizygous or homozygous state, a variation already reported in one Taiwanese CMTX patient (48) . No other sequence change was found. The frequency of the g-713G>A variation was evaluated in a control population and found to be 50%, which is in accordance with a recently published report establishing this sequence variation as a frequent polymorphism in the German population (49) . However, as this polymorphism is located in the promoter region sensitive to SOX10 and EGR2 regulation, it could alter the autonomous and synergistic effects of these factors, and thus influence the Cx32 expression level, possibly acting as a modifier of CMT disease phenotype.
Moreover, two other Cx32 mutations were previously reported in non-coding regions (50) . One alters the SOX10 S2-binding site (g-528T>G) and the other is located downstream of the transcription start site (c-458C>T). We focused on the g-528T>G mutation because of its location within the region critical for SOX10 and EGR2 functions on the Cx32 promoter. To test whether the two sequence variations g-713G>A and g-528T>G impair SOX10 and EGR2 activation of the Cx32 promoter, we transfected wild-type or mutant pCx32del2 The luciferase reporter plasmid containing 750 bp of the Cx32 promoter was transfected in combination with empty pECE vector, pECE/EGR2 (EGR2) or pECE/EGR2 mutants cited above. The residual activity of each mutant is represented as the ratio of EGR2 mutants over wild-type EGR2 factor. (C) The reporter plasmid was transfected in combination with empty pECE vector, pECE/EGR2 (EGR2) or pECE/EGR2 mutants (A) and pECE/SOX10 (SOX10). The residual synergistic effect of EGR2 mutants with SOX10 is represented as a ratio of EGR2 mutants and SOX10 co-activation over wild-type EGR2 and SOX10 co-activation. (D) Schematic representation of the SOX10 factor. The DNA-binding domain (HMG domain), the transactivation domain and a region that is conserved between group E SOX proteins are indicated by boxes. The positions of mutations studied in (E) and (F), 482ins6, S251X, 795delG, Y313X and 1400del12 are indicated by arrows. (E) The luciferase reporter vector was transfected in combination with empty pECE vector, pECE/SOX10 or pECE/SOX10 mutants cited above. The residual activity of each mutant is represented as the ratio of SOX10 mutants over wild-type SOX10 factor. (F) The reporter plasmid was transfected in combination with empty pECE vector, pECE/SOX10 (SOX10) or pECE/SOX10 mutants (D) and pECE/EGR2 (EGR2). The residual synergistic effect of SOX10 mutants with EGR2 is represented as a ratio of SOX10 mutants and EGR2 co-activation over wild-type SOX10 and EGR2 co-activation. Data in (B), (C), (E) and (F) are means ± SE of three different experiments performed in triplicates.
promoter constructs with these factors, alone or in combination (Fig. 6A) . The g-713G>A polymorphism had no influence on EGR2 and SOX10 functions. In contrast, the g-528T>G mutation impaired SOX10 effect on Cx32 promoter activity, resulting in a 50% decrease in SOX10-dependent activation. On the other hand, EGR2 function was not altered. The 40% decrease in synergistic activation observed can thus be attributed to SOX10 partial loss of activity.
To demonstrate that the SOX10 loss of activity was due to a reduced affinity of the protein for the mutated site, we performed EMSAs using DNA fragments corresponding to wild-type S2 or S1S2 sites, or to S2 or S1S2 sites carrying the g-528T>G mutation (Fig. 6B) . When the mutated S2 probe was used, SOX10 binding was completely abolished. With the mutated S1S2 probe, we observed a dramatic decrease in SOX10 binding, but a faint dimeric binding could still be detected. These results are in total agreement with our transfection experiments, which did not show a complete loss of SOX10 activation.
Thus, the g-528T>G mutation alters SOX10 function on the Cx32 promoter, whereas the g-713G>A polymorphism seems to have no effect on SOX10 and EGR2 function in the experimental conditions used.
DISCUSSION
SOX10 is a member of the SOX gene family, a class of genes coding for transcription factors highly conserved through evolution. SOX10 was identified as an essential factor in the ENS, melanocyte and glial cell development (3) . Mutations in the SOX10 gene have been described in several cases of WS4, a neurocristopathy characterized by the association of Hirschsprung disease (intestinal aganglionosis) and Waardenburg syndrome (pigmentation defects and sensorineural deafness), and some patients present additional myelination defects of the CNS and/or PNS (7, (11) (12) (13) (14) . In accordance, it has been shown that SOX10 controls expression of P 0 , MITF and RET, three genes known to play important roles during glial cell, melanocyte and ENS development, respectively (15) (16) (17) (18) (19) 21) .
The recent identification of P 0 as a transcriptional target of SOX10 provided the first clues as to the role of this factor during the myelination process in the PNS. A small number of proteins is known to be implicated in this process. Some of them, like MBP, are an integral part of myelin in both the CNS and PNS, whereas others are essentially confined to one or the other. P 0 and PMP22, for instance, are preferentially represented in Schwann cells (22) . Another protein essential for Schwann cell integrity is Connexin 32, which forms gap junctions allowing the diffusion of small molecules through the myelin sheath (27) . It is noteworthy that the genes encoding three of these proteins (P 0 , PMP22 and Cx32) are implicated in CMT disease (24) . Characterization of their transcriptional regulation could improve our understanding of the pathogenesis of peripheral neuropathies.
To examine the possible involvement of SOX10 in the control of MBP, PMP22 and Cx32 transcription, we analysed the effect of this transcription factor on each of these promoters in transient co-transfection experiments. In the experimental conditions used, the Cx32 promoter only was responsive to SOX10. Moreover, the three previously identified SOX10 cofactors, PAX3, POU3F1 and EGR2 (3), appeared to act in synergy with SOX10 to activate Cx32 transcription, but EGR2 is the sole factor that displayed an autonomous activating function. This observation is of particular interest, considering that EGR2 has also been described as being impaired in several CMT patients (43) . Thus, the regulation of the Cx32 gene by EGR2 implies an epistatic relationship between two genes involved in the same disease. The influence of SOX10 and EGR2 on Cx32 expression was further confirmed by the Figure 6 . Functional effect of g-713G>A and g-528T>G Cx32 promoter mutations on EGR2 and SOX10 function. (A) Wild-type pCx32del2 construct or mutant forms of this construct containing g-713G>A or g-528T>G mutations were transfected in combination with empty pECE vector, pECE/SOX10 (SOX10) and/or pECE/EGR2 (EGR2), as indicated. The residual activity of SOX10, EGR2 or residual synergistic activity of both factors is represented as a ratio of activity of each or both factors on the mutant reporter constructs over activity of each or both factors on the wild-type reporter construct. (B) Double-strand oligonucleotides containing the potential SOX-binding sites S2 and S2 with g-528T>G mutation, S1S2 and S1S2 with g-528T>G mutation were analysed for their ability to bind SOX10 in gelshift experiments using nuclear extracts from COS cells transfected with the SOX10 mutant E189X (+). Extracts from COS cells transfected with the empty pECE vector (-) served as the control.
observation of Cx32 upregulation in cells of neural origin inducibly expressing SOX10 and KROX20.
Using microarrays and quantitative RT-PCR techniques, Nagarajan et al. (51) recently reported that EGR2 was sufficient for induction of genes critical for myelin formation and maintenance, including Cx32 but also MBP and PMP22. Our finding that Cx32 is indeed a transcriptional target of EGR2 is in agreement with this observation. Furthermore, our study shows that this regulation requires the presence of EGR2 sites on the Cx32 promoter. On the contrary, we observed no influence of EGR2, alone or in combination with SOX10, on MBP and PMP22 expression in our experimental conditions. In their study, Nagarajan et al. (51) observed an increase in MBP expression 48 h after having introduced EGR2 in their cell culture system. In our study, luciferase activity was measured 24 h after transfection. This, together with the fact that we used a different cell type for our study, could explain why we did not observe any effect of EGR2 on the MBP promoter. Concerning PMP22, the discrepancies between the results of Nagarajan et al. (51) and ours could be explained by the use of different cell types (rat and mouse Schwann cells versus HeLa cells) and methods. Two hypotheses could be proposed to explain why we did not observe any effect of EGR2 on the PMP22 promoter in our in vitro conditions: (i) EGR2 does not activate PMP22 expression in a direct manner and the proteins involved in this regulatory pathway are not present in HeLa cells; (ii) EGR2 indeed activates PMP22 expression in a direct manner, but in association with other factors that are not expressed in HeLa cells.
Our study clearly establishes that SOX10 and EGR2 interact directly by binding to the proximal region of the Cx32 promoter, which contains binding sites for both factors. We identified two SOX-binding sites (S1 and S2) that are involved in SOX10 regulation of transcription from this promoter. These sites consist of two non-consensus SOX sites with a particular spacing and orientation reminiscent of what was described for the P 0 promoter (21, 39) . EMSAs suggested that SOX10 binds to these sites in a dimeric configuration. However, SOX10 does not seem to display an equal affinity for each site. Indeed, S2 seems to be crucial for binding of SOX10 to the promoter, whereas S1 seems necessary for effective dimerization only, as expected in case of cooperativity. These results are consistent with what was observed with the P 0 promoter, where dimeric binding is mediated by a segment of the N-terminal region of SOX10 and requires the presence of two SOX-binding sites in the same configuration. We assume that a similar mechanism accounts for the dimeric binding of SOX10 on the Cx32 promoter. Furthermore, it was demonstrated that binding of two SOX10 proteins instead of one increased SOX-dependent DNA bending (39) . This observation is compatible with the proposed role of SOX10 as both a transcriptional and architectural factor. Taken together, the work of Peirano et al. (39) and our present results suggest that SOX10 dimeric binding results in specific DNA bending, thus altering promoter topology and allowing formation of a stable multiprotein complex responsible for gene transcriptional regulation. This mechanism might provide a useful model of the way SOX10 regulates expression of some of its transcriptional targets.
Our study also demonstrates that two EGR2-binding sites (E2 and E3) are involved in EGR2 regulation of transcription from the Cx32 promoter. It is noteworthy that unlike the SOX10-binding sites, each EGR2 site is responsible for half of the EGR2-dependent stimulation of the transcription, EGR2 function being completely lost only when both sites are impaired. This observation suggests that there is no cooperation between the two EGR2-binding sites and that activation of the Cx32 promoter is the result of EGR2 independent binding on these sites. Using EMSA Musso et al. (52) 
To confirm the data obtained with the wild-type factors, we sought possible deleterious effects on Cx32 promoter activation of several natural SOX10 and EGR2 mutations. Warner et al. (44) previously showed that two EGR2 mutant factors (R359W and D383Y) fail to activate transcription of a luciferase reporter gene fused to a synthetic promoter containing two EGR2-binding sites. We confirmed these results in testing the effects of these mutant factors on the Cx32 promoter. Since the study of Warner et al., (44) additional mutations of EGR2 have been identified in patients with peripheral neuropathies. Here we describe for the first time the functional consequences of one of these mutations: R381H (53). In our in vitro model, this EGR2 mutant displayed a complete loss of function. As SOX10 and EGR2 act in synergy on the Cx32 promoter, we thought it interesting to see how EGR2 mutations affect this synergy. Surprisingly, we observed that the three mutants tested retained 50% of synergistic activity. Thus, these mutants, which have lost their autonomous effect on the Cx32 promoter, are still partially able to act in synergy with SOX10 in our experimental conditions. Warner et al. (44) also described a third mutation, I268N, that affects the inhibitory domain R1 of EGR2. They observed an increase in transcriptional activity of this mutant as compared with wild-type EGR2 in their transfection experiments. However, in our in vitro model this mutant behaves as the wild-type protein. This discrepancy could be explained by the use of different cell types (CV-1 versus HeLa) and of different reporter constructs. Nevertheless, our study describes the first functional assay of EGR2 mutants carried out on a natural transcriptional target of this factor. This assay will be useful for future studies of other EGR2 mutant proteins.
With regard to SOX10, all five mutants tested resulted in a dramatic decrease in both autonomous and synergistic activations of the Cx32 promoter. The loss of SOX10 autonomous activity indicates that these mutations impair the regulatory function of SOX10 on the Cx32 promoter. Similarly, the loss of synergistic activation indicates that unlike EGR2, SOX10 mutant proteins are no longer able to act in synergy with the cofactor to enhance activation of the Cx32 promoter. Interestingly, four of the five SOX10 mutants were studied because of their association with neurological phenotypes. This failure of the mutant proteins to transactivate the Cx32 promoter could be one of the possible mechanisms underlying the defects in the PNS observed in patients carrying these mutations. Thus, it was of particular interest to test the c795delG mutation, which was not functionally characterized so far, because it had been identified in a patient presenting with particular peripheral myelin defects (14) . Here we show that, in our experimental conditions, the resulting mutant protein is unable to transactivate the Cx32 promoter, alone or in cooperation with EGR2.
Impairment of Cx32 expression results in CMTX disease. More than 160 mutations of the Cx32 gene were described, including nonsense, missense and non-coding regions mutations, with varying clinical manifestation (25) . The identification of SOX10 as a direct regulator of Cx32 expression provides new insights into the pathophysiology of CMTX. As SOX10 and EGR2 seem to be major regulators of Cx32 expression during development, it is likely that alteration of Cx32 regulation by SOX10 and/or EGR2 could lead to a similar phenotype. To test this hypothesis, we searched for sequence alteration in the region of the Cx32 promoter shown to be sensitive to SOX10 and EGR2 activation. Our results, in addition to confirming the high frequency of the g-713G>A polymorphism in the European Caucasian population, showed that this sequence variation has no functional consequences, neither on SOX10 or EGR2 effect, nor on synergistic transactivation of the Cx32 promoter. Whether this sequence variation could impair function of other factors remains to be determined. However, Bergmann et al. (49) showed no distorsion in the frequency of this polymorphism between a control population and CMT patients and no correlation between disease severity and genotype. Together with this observation, our results argue for a silent effect of this polymorphism.
Two other Cx32 mutations in non-coding regions were previously reported (50) . One alters the SOX10 S2-binding site (g-528T>G) and the other is located downstream of the transcription start site (c-458C>T). We focused on the g-528T>G mutation because it is located within the region critical for SOX10 and EGR2 function on the Cx32 promoter and because it alters the core of the S2 SOX10-binding site. This mutation leads to a dramatic decrease of affinity of SOX10 for the Cx32 promoter and thus results in a loss of transactivation. These results confirm the deleterious nature of this mutation. Although Cx32 promoter mutations do not seem to be very frequent in CMTX disease, the demonstration of the functional significance of the g-528T>G mutation confirms the physiologic and pathophysiologic relevance of our study.
It is noteworthy that a Cx32 mutation was reported in a patient with CMTX disease and sensorineural deafness (54) . The authors suggested that impairment of Cx32 expression both in oligodendrocytes and Schwann cells underlies the pathophysiology of deafness. Similarly, impaired expression of Cx32, together with that of MITF (15) , could result in alteration of inner ear function, and thus in the sensorineural deafness observed in WS4 associated with SOX10 mutations.
Finally, it is interesting to note that the two transcriptional targets of SOX10 identified in the PNS, P 0 and Cx32, are involved in CMT disease (23, 24) . This suggests a broader role for SOX10 in this disease. Another interesting aetiologic candidate, Periaxin, was recently described as a new gene responsible for an autosomal form of demyelinating CMT disease (55, 56) . Two reports have shown that this gene is regulated by EGR2 (see discussion in 51,55), without determining whether this regulation is direct or not. As our results establish that EGR2 acts in cooperation with SOX10 to directly regulate Cx32 expression, it will be of great interest to test the possible involvement of these two factors in the control of Periaxin expression.
MATERIALS AND METHODS
Plasmids
Promoters isolation. Approximately 750-1000 bp of MBP, PMP22 and Cx32 human promoter sequences were amplified by PCR using the following couples of primers 5′-CCGGTACGCCAGATCTCAGAGGAGAAGCCAAGT-CAAA-3′ and 5′-GACGTCCAGGAGATCTGAGTCAAGGAT-GCCCGTGTC-3′, 5′-CCGGTACGCCAGATCTAGCGGGGAG-AAAGACACTGG-3′ and 5′-GACGTCCAGGAGATCTTGCCT-GAAGCCTGTGATGCC-3′, and 5′-CCGGTACGCCAGAT-CTGCCTGCTGTAGAAAGACTT-3′ and 5′-GACGTCCAGGA-GATCTCAAACTCAACAAAGCCCTCT-3′, respectively. These primers were designed from the previously reported sequences (GenBank accession nos M63599, AF059314, AL570962 and L47127). PCR products were cloned in the pGL3-basic luciferase reporter vector (Promega, Madison, WI) following BglII digestion. The nucleotide sequence was verified using BigDye Terminator cycle sequencing on a 373 ABI apparatus (PE Applied Biosystems, Les Ulis, France). Sequence divergences observed upon comparison with the reported sequence of GenBank were also found in PCR amplification from three different control DNAs. Cx32 constructs. Deletion constructs pCx32 del1, pCx32 del2, and pCx32 del3 were generated by introduction of enzyme restriction sites by directed mutagenesis using the Quick Change mutagenesis kit (Stratagene, Amsterdam, The Netherlands), followed by digestion and ligation. Constructs pCx32del2 S1, pCx32del2 S2, pCx32del2 S1S2, pCx32del2 E1, pCx32del2 E2, pCx32del2 E3, pCx32del2 E1E2E3, pCx32del2 g-713G>A and pCx32del2 g-528T>G were also generated by sequential site-directed mutagenesis steps, making use of the same kit. The nucleotide sequence of each construct was verified. Positions are indicated from the transcription start site described by Neuhaus et al. (31) . Each construct corresponds to the pCx32 del2 sequence except as follows: (i) in pCx32del2 S1, the sequence between positions -53 and -27 is substituted with the mutant sequence GTTCAGAGCCCCACggAGGTCTCATTGTG; (ii) in pCx32del2 S2, the sequence between positions -44 and -16 is substituted with the mutant sequence CACAAAGGTCTCAccGTGCA-GACACTGGG; (iii) pCx32del2 S1S2 includes the two sequence substitutions described above; (iv) in pCx32del2 E1, the sequence between -237 and -203 is substituted with ATCTCCCTCCCCCCGtCaCtCCGTGGCCATTCTTC; (v) in pCx32del2 E2, the sequence between -200 and -166 is substituted with GTGGGGCTATGGGGCaGtTaCGGCGATGGA-CCGGG; (vi) in pCx32del2 E3, the sequence between -115 and -79 is substituted with GTGCTCTGTGTGTAGGaTtGaCGGAAGTCAGGGCGTT; (vii) pCx32del2 E1E2E3 includes the three sequence substitutions described above.
In pCx32del2 g-713G>A and pCx32del2 g-528T>G, sequence substitution mimics mutations of the non-coding region of the Cx32 gene found in patients presenting with CMTX neuropathy (48, 50) . PAX3, POU3F1 and SOX10 constructs. Constructs containing the human SOX10 and PAX3 cDNAs cloned in pECE vector were described previously (15, 57) . The previously identified SOX10 mutations, 482ins6, S251X, 795delG, Y313X and 1400del12 (7, 11, 12, 14) were introduced by site-directed mutagenesis as already described and sequence modifications were verified by direct sequencing.
POU3F1 sequence contained in the previously described pCMV/Tst1 (58) was subcloned in pECE vector at XbaI and EcoRI sites. EGR2 constructs. The human EGR2 cDNA was amplified by RT-PCR using the following conditions: 1 µg of total brain RNA was reverse-transcribed using SuperscriptII-Reverse Transcriptase (GibcoBRL, LifeTechnologies, Gaithersburg, MD) according to the manufacturer's protocol. Three microlitres of this reaction mixture was used for subsequent PCR analysis using primers 5′-TCAGTCCAACCCCTCTCCAA-3′ and 5′-GGTGGTAGTGTTTGTTGTGC-3′. The PCR product was then cloned in the pECE vector at the EcoRI site. Four mutations I268N, R359W, R381H and D383Y of EGR2 cDNA corresponding to mutations reported in patients presenting with peripheral neuropathies (43, 53, 59) were generated by site-directed mutagenesis using the Quick Change mutagenesis kit (Stratagene). The nucleotide sequence of each construct was verified by direct sequencing.
RNA preparation, reverse transcription and PCR
Total RNAs isolated from N2A stable transfectants inducibly expressing SOX10 and KROX20 were kindly provided by M.Wegner. One microgram of each RNA sample was reversetranscribed as described above. cDNA (1-6 µl) was amplified with primer pairs specific for Cx32, SOX10, KROX20 and β-actin. The following primer pairs were used: Cx32 5′-CTGCTCTACCCCGGCTATGC-3′ and 5′-CAGGC-TGAGCATCGGTCGCTCTT-3′; SOX10 5′-GCTGAACGA-GAGTGACAAGC-3′ and 5′-ATGGCTGATCTCCCCGA-TGT-3′; KROX20 5′-ACATGACCGGAGAGAAGAGGCC-CTT-3′ and 5′-GCGTCTTGCTGGGCCTGTTGGGGTA-3′; β-actin 5′-CCAAGGCCAACCGCGAGAAGATGAC-3′ and 5′-AGGGTACATGGTGGTGCCGCCAGAC-3′. After denaturation (5 min at 94°C), PCR conditions were specific for each gene tested: Cx32, 1 min at 72°C, then 35 cycles with denaturation 30 s at 94°C, annealing 1 min 30 s at 64°C and elongation 2 min at 72°C; SOX10, 25 cycles with denaturation 30 s at 94°C, annealing 30 s at 62°C and elongation 45 s at 72°C; KROX20, 30 cycles with denaturation 1 min at 94°C, annealing 1 min at 65°C, and elongation 1 min at 72°C. Each PCR was followed by an elongation step of 7 additional min at 72°C. PCR products were then visualized on 2% agarose gel.
Cell culture, transfection and reporter assays
HeLa cells were grown in DMEM supplemented with 10% fetal calf serum and transfected using Lipofectamine PLUS reagents (GibcoBRL) in six-well plates. Cells were plated at 3 × 10 5 /well and were transfected 1 day after with 0.350 µg of each effector and reporter plasmid. The total amount of plasmid was kept constant by addition of empty pECE vector. The plasmid pCH110, which contains the SV40 promoter driving expression of a LacZ reporter, was used as an internal control to assess transfection efficiency (0.300 µg per transfection) as previously described (60) . Twenty-four hours after transfection, cells were washed twice with PBS, lysed and extracts were assayed for luciferase activity using the Luciferase Assay System (Promega).
EMSA
A 32 P-labelled probe (0.5 ng) was incubated with nuclear extracts for 20 min on ice in a 20 µl reaction mixture containing 10 mM HEPES pH 8.0, 5% glycerol, 50 mM NaCl, 5 mM MgCl 2 , 2 mM DTT, 0.1 mM EDTA, 3.5 µg of bovine serum albumin and 1 µg of poly(dGdC) as unspecific competitor. Nuclear extracts from COS cells transfected with the SOX10 mutant E189X or with pECE served as protein sources (2 µg/reaction). E189X is a shortened SOX10 version that shows DNA-binding characteristics identical to full-length SOX10 (21) . As probes we used double-stranded oligonucleotides each containing one or two potential SOX10-binding sites from the region between -233 and -21 of the Cx32 promoter (for sequences see Fig. 4A ). After incubation, samples were loaded onto native 4% polyacrylamide gels and electrophoresed in 0.5× TBE at 120 V for 1.5 h. Gels were dried and exposed for autoradiography.
Patients and mutation screening of the Connexin 32 promoter sequence
Thirty-four CMT patients were selected based on NCV of the median nerve (NCV < 30 m/s, four patients; 30 < NCV < 40 m/s, 19 patients; NCV > 40 m/s, 11 patients). The clinical criteria for CMT, the examination protocol and the electrophysiological studies were reported (47) . This cohort includes 12 males and 22 females with familial transmission compatible with an X-linked dominant disorder. SSCP screening of the Cx32 coding sequence was negative for these patients (47) .
DNA fragments containing the partial sequence of the glialspecific P2 promoter region of the Cx32 gene was obtained by performing PCR amplification on genomic DNA of patients and controls using primers 5′-TCCCCTCTTCACATC-CACCT-3′ and 5′-GTCTGTGCAGGGGGAGTGGT-3′. Direct sequencing of PCR products was performed in both strands using the ABI PRISM Dye Terminator Cycle DNA Sequencing kit. The frequency of the g-713G>A polymorphism in French Caucasian population was assayed on 55 control DNAs representing 83 X chromosomes, by restriction analysis of the PCR fragment using NcoI.
